Over the years the cracks have been detected on the impulsion lines of all steam generators of the NPP Dukovany. The tubing is made from the austenitic stainless steel. These lines are designed for purposes of measurement and also containment of possible leaks, e.g. between the primary and secondary steam generator seals.
INTRODUCTION
Extensive lengths of the small bore impulsion piping are used in the primary circuit of NPP. In general this type of piping is made from austenitic stainless steel equivalent to AISI 321 with the diameter up to 30 mm and wall thickness about 3 mm. It could be either "wet" -containing water for most of its service time -or "dry" -mostly without water.
This piping is installed on wide range of equipment, like pressurizer, steam generator, reactor etc. It serves for number of different purposes, ranging from pressure measurement, draining of small amounts of water, indication of possible leaks etc. The piping, where the problems have been detected, leads from the space between the primary and secondary sealing of the steam generator collector lid. It is used for detection of possible leaks in case the primary sealing system malfunctions.
Since certain segments may cover large distances, they must be sufficiently supported to prevent damage by vibration and fatigue and also against accidental deformation due to manipulation with equipment and movement of personnel in confined area. In spite of this protection number of cases occurs, when the geometry of the impulsion lines has been altered.
Due to confined space the movement of persons around the steam generator is difficult and often the relatively subtle impulsion lines have been subjected to stresses leading to their bending. This deformation has subsequently resulted in damage or fracture of the tube. Inappropriate, as this situation is, it is impossible to completely prevent such interferences.
To assess the integrity of the small bore piping several measures are applied. During outages the piping is subjected to overpressure sealing tests with detection of decrease of the pressure. Nitrogen is used mostly as an operating gas, with overpressure of 4 MPa. If the pressure is decreasing during the test, the piping is fractured and it is necessary to find the damaged location. This is performed using the foam-generating liquid and ultrasonic detector of leaks. Example of the thru-wall defect detected on the impulsion piping using the foam-generating liquid is shown on Figure 1 . Once the location of leak is confirmed, the tube segment is cut out and a new one is welded into place.
During each outage the cracks have often been detected on the impulsion lines of the steam generators.
It is possible to state, that the small bore piping is relatively insignificant from the point of view of general safety. Nevertheless, its failure to operate as designed could have serious consequences. For example if the primary sealing becomes leaking and the primary water enters space between primary and secondary sealing. From there it would flow through the impulsion piping; if the piping is fractured, the water would escape outside of the containment and at the same time the measuring system would not be able to detect this condition.
Fig. 1 -Example of defect detected using the foam generating liquid
Also, it must be noted that the current procedure for assessment of the impulsion piping integrity is highly reliable. Both pressure test and detection of location is accurate and there are no dangers of false calls.
In spite of this it has been decided to perform analyses of several fractured tubes to gain better understanding of the process and offer possible remedies.
FAILURE ANALYSES OF FRACTURED IMPULSION PIPING
The impulsion piping segment is subjected to the above mentioned detection methods. Most of the thru-wall cracks are relatively short, 10 to 20 mm in length. Usually, about 200 mm long segment of the impulsion piping is cut out with the crack in the middle and replaced with the new piping. Other design arrangements apply, e.g. if the crack is close to the impulsion piping weld, it is usually cut close to the weld.
Three such fractured impulsion piping segments have been made available for the detailed analyses. The main purpose is to determine the root cause of the fracture and propose mitigation procedures/actions to prevent future damage.
The methodology and used equipment
Several methods have been used to analyze the fractured piping. Visual examination & dye penetration test have been used to locate the fracture and assess the geometry of the segment.
The scanning electron microscope VEGA TS 5130 XM was used to evaluate the fracture surface. The spectrometers INCA WAVE + INCA ENERGY (Oxford Instruments, Ltd.) were used as the analytical equipment for measurements of the chemical composition of the deposits at the fracture surface.
Metallography of the impulsion piping material has been evaluated by the inverted metallographic microscope Nikon Epiphot 300 with image analysis software Lucia. Figure 2 shows general appearance of the fractured impulsion piping #1. The steel label with marking has been attached to the piping by welding; the procedure is not deemed to be safe and is no longer used.
The results -Impulsion piping #1
The thru-wall defect location is marked by an arrow; in order to correctly visualize change of geometry and deformation at the location of the defect, the tubing is photographed in a position, where the defect is not visible. Abrupt change of the straight outline in the region with defect of the piping is noticeable.
The appearance of the defect itself is shown in photograph on Figure 3 . Relatively complex geometry of the crack indicates complicated stress fields at the defect location.
Fig. 3 -The crack of the impulsion piping #1
The tube has been fractioned by several cuts for both metallographic observations and SEM morphological and chemical analyses of the fracture surface. Figure 4 shows micrograph of the radial section taken in the vicinity of the thru-wall crack. It shows complex system of several nearly parallel cracks running perpendicularly to the tube surface. The crack on the left is originating on the internal surface of the tube and propagates towards external surface.
Fig. 4 -Complex crack system in the vicinity of the thru-wall crack; metallographic radial section
The crack on the right has started to grow also on the inner surface of the tube, as clearly seen from the orientation of several smaller branching cracks. Since there is no significant widening of the crack at the intersection with the inner surface, unlike in case of the left crack, it is likely, that the crack originated in certain distance from Tube internal surface Tube external surface this particular section. Appearance of the crack is therefore result of the sideways crack growth with no distinguished initiation location at the internal surface of the tube.
The crack in the middle has also been sectioned not in its central part, but more to one of its sides, as there it is no connection with any of the tube surfaces. Detailed observation of the crack branching indicates, that the crack has grown from the outer tube surface towards its inner surface. This phenomenon is not common and is likely caused by the complex stress field present at the crack location.
All three main cracks exhibit features typical for the stress corrosion cracking, especially branching. The metallographic micrographs indicate their transgranular nature.
Fig. 5 -Morphology of crack surface; SEM
Part of the main crack has been cut away and cleaned in acetone. General view and detail of the crack surface morphology of this part is shown on Figure 5 . Generally smoother and flatten crack surface close to the tube internal surface indicates initiation location of the crack. Detail image shows facets typical for stress corrosion cracking with transgranular mode of the crack propagation [1] .
The shape and the way the facet are created confirm that the main crack has propagated from internal to external tube surface.
Another part of the main crack has been left in unclean state to allow analyses of the deposits at the fracture surface. The general view of the surface in SEM main crack growing in radial direction is shown on Figure 6 . To enhance differences in chemical composition the micrograph is taken with back-scattered electrons.
Tube internal surface
Tube external surface
It is clearly visible, that slightly less than ½ of the crack starting from the internal surface is covered by compact layer of deposits (Spectrum 2). The remaining crack path is relatively clean (Spectrum 1). Summary analyses taken from those two regions are shown in table below the micrograph. Presence of the composing elements of the austenitic stainless steel (Ti, Cr, Mn, Ni, Fe) is caused by the fact, that the electron beam reaches beneath the relatively thin layer into the base material. Carbon and silica are results of the surface contamination.
The main difference is in presence of chloride in the first part of the crack -it causes distinctively darker appearance of the fracture surface. 
Fig. 6 -Chemical analyses of crack surface; SEM
To assess condition of the internal surface of the tube it has been has been cut in axial direction. This cut has revealed several other cracks which have not been protruding through wall, see Figure 7 .
Photograph of the inner surface is shown on Figure 7a . Several cracks framed by distinctive oxide deposits are clearly visible.
SEM observation confirms thick oxide deposits at the inner surface, see Figure 7b . The contraction cracks of the oxide layer in Spectrum 1 are created during its drying. As in case of the fracture surface also the oxide layers on the inner surface contain contaminants (C, Al, Si) and, most importantly, chloride. 
The results -Impulsion piping #2
The geometry of the second fractured impulsion piping available for analyses is only very slightly changed. This would indicate, that the forces at the location of the main crack are not so high as in case of the fractured impulsion piping #1.
General appearance of the outer surface at the crack location is shown on Figure 8 . The crack is marked by red arrows. The surface of the tube has been scratched by some tool, pliers or pipe wrench; the marks are visible to the left from the crack itself. It is highly likely, that this deformation has been created in the past and is not linked to the cracking of the tube. As further analyses show, the crack has been initiated at the internal surface of the tube -the surface scratches are too shallow to influence the initiation with the tube wall thickness being 3.5 mm.
Also, detailed observation of the surface proves that the crack is "growing through" unevenness at the crack surface, i.e. the crack is propagating through the surface, which has already been deformed. Figure 9 shows micrograph of the axial section taken in the vicinity of the thru-wall crack. It shows three nearly parallel cracks running perpendicularly to the tube surface, which start to branch significantly in approximately half of their length. All cracks have been initiated on the internal surface of the tube and propagate towards external surface.
Fig. 8 -Appearance of the outer surface at the crack location; SEM
All the cracks are typical for stress corrosion cracking, detail micrographs of metallographic sections electrochemically etched shows transgranular cracking.
The chemical analyses have been performed on the internal tube surface at location of the main thru-wall crack, see Figure 10 . As in the previous case the analyses at four locations proves presence of chloride in darker oxide layer. Moreover also magnesium has been detected in all four locations of analyses.
The evaluation has proved that the main thru-wall cracks of the impulsion tubes #1 and #2 have similar features. Both morphology and chemical composition of the oxide deposits at the crack surface and in the vicinity of the crack at the inner tube surface are similar. 
The results -Impulsion piping #3
General appearance of the third fractured impulsion piping available for analyses is shown on Figure 11 . Red arrow indicates location of the circumferential crack.
Previous two fractured impulsion pipes have been more or less similar as regards the location and appearance of the crack. This impulsion piping is different in many respects.
Fig. 11 -General appearance of the impulsion piping and location of the cracks; SEM
The crack has been initiated in the weld metal at the outer surface of the tube, see Figure 12 . It runs in radial direction along the tube circumference inside the weld joint. It encompasses about ½ of the tube circumference. There are no smaller secondary cracks and no indication of branching of the main crack.
Tube internal surface
Fig. 12 -Metallographic section through the main crack; etched in Nital
The general view of the tube indicates that due to poor design of the weld joint the crack has originated in the location with the lowest wall thickness, where the stresses have been further increased by the notch effect. This is confirmed by the long axial cut through the cracked part of the tube, see Figure 13 . The original wall thickness of 3.2 mm is decreased in cracked location to 1.1 mm. Also, the chemical analyses confirmed that the tubes on both left and right side of the cracks are made from the carbon steel as well as the weld joint.
Fig. 13 -Axial section through the fractured pipe

DISCUSSION
The root cause of the fracture of impulsion piping #3 is unsuitable geometry resulting in too small wall thickness and notch around the circumference of the piping. With the wall thickness almost three times lower at the location of the crack, than nominal wall thickness, even relatively small stresses, applied to the impulsion line, could have had resulted in fracture.
On top of it the integrity of the piping has been further decreased by the fact, that the material around the fractured part has been carbon steel, not austenitic, and also the material structure has been affected by the welding.
The fracture of this impulsion piping is caused by poor repair procedures and quality control on site and could be easily prevented in the future.
Fractures of impulsion piping #1 and #2 are intrinsically different. Their damage mechanism is the stress corrosion cracking, originating on the internal surface of the tubes. The cracks have grown at the simultaneous presence of the chloride and external stresses caused by external mechanical deformation of the line.
The crucial point in establishing root cause of the fractures is in determination of the source of chloride. It is almost possible to exclude possibility that the chloride would come from the medium or other components (e.g. sealing). This element is known to be very aggressive to the austenitic steel and severe measures are applied to completely eliminate its presence [2] .
In looking for the source of the chlorides, it is important to consult the technical directives, which have been used for authorization of use of the austenitic small bore piping at the time of power plant construction. It has been possible to obtain those original documents and review inspection procedures applied to those piping [3] .
The tubes have been checked for range of properties: dimensions, chemical composition, grain sizes, resistance to IG corrosion, presence of non-steel inclusions, ferrite content, internal overpressure, straightness and mechanical properties. The tubes have been helium and ultrasonic tested, both surfaces of the tubes have been checked for roughness. No indication have been found that the internal surface of the tube have been inspected for presence of foreign substances, like thin oxide layers.
After discussion with specialists it is possible to conclude, that a reasonable assumption is that the chloride may have been part of the grease used for manufacturing and calibration of the internal diameter of the tubes. The tubes have been cleaned by filling them with the acetone on site, but this would not be sufficient to completely remove resistant oxide layers containing chloride.
Since most of the time there is no medium inside the tube, the conditions for SCC propagation have not been fulfilled. However, as soon as the tube is filled with water, the corrosion process may start, resulting in thru-wall crack. Naturally, degradation of the tube by SCC process may proceed only if the tube is stressed. Since the tubes have been subjected to normalization heat treatment, all possible internal stresses from manufacturing had been removed. Therefore the only stresses present in the impulsion piping are external stresses resulting from deformation of the line.
As for recommendation to prevent future accidents, there are several possible actions: (a) Do not bend impulsion tubes. The stresses introduced into the material in this way are driving force for stress corrosion cracking. If the tube is not bent or otherwise externally stressed, no SCC crack may propagate.
(b) Proceed with tightness testing each outage. With regard to the history of the impulsion line cracking it is highly likely, that those failures will proceed to happen.
(c) Apply process, aimed at clearing the impulsion piping from the chlorides, which would be practically feasible on-site. However, this is rather complicated, since the medium inside the tubes is stationary and causes further densification of the chloride deposits.
(d) Since the cracks are initiated at the inner surface of the tube, simple visual inspection provides no information about the location of the cracks. Therefore in case of either safety-critical impulsion lines or parts of the lines which have been bent it is possible to apply local nondestructive techniques (ultrasonic or eddy-current testing). This would uncover other locations with cracks on the inside surface and made possible their repair before the crack grows thru-wall.
CONCLUSION
Three fractured segments of the impulsion piping have been analyzed and the root cause identified. One segment has been fractured due to smaller wall thickness and used material (carbon steel).
The other two segments have been fractured due to stress corrosion cracking. Chloride has been present at the inner surface of the tubes, likely residue from the manufacturing phase. In connection with sensitivity of used material to SCC and mechanical stresses caused by bending of the tubes, the conditions for initiation and propagation of the cracks has been created.
According to the original project documentation no identification of the deposits at the internal surface of the tubes has been made; the cleaning on-site has not been sufficiently vigorous to remove all traces of chloride. It is therefore likely, that chloride is present also in other locations.
Four possible countermeasures have been proposed in the order of their complexity. Their application would depend on further development of the impulsion piping integrity.
